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Abstract— Over these years, dependency of electric 
generation on renewables is increasing steadily. The renewable 
energy sources are usually connected to the electric grid on the 
distribution networks. Energy supply from prominent renewable 
sources like wind and solar are restricted due to the high level of 
unpredictability and intermittency associated with them. This 
leads to the inefficient and less reliable output from these sources. 
Thus proper generation prediction, sizing and intermittency 
mitigation of renewable energy sources such as wind and solar 
photovoltaic (PV) is necessary while placing them on the feeder. 
As these sources are distributed energy sources, the loss 
minimization can be one of the opportunities in addition to their 
generation support. This paper deals with the optimal sizing of 
solar PV and battery combination in a grid connected system. 
Solar PV generation is seen as the future generation source and 
battery storage with its matured technology can support it to 
become more reliable source in a power system. Here an 
analytical method for sizing of solar PV and battery is proposed. 
The line losses and intermittency minimization is the prime 
consideration for the sizing and placement of the solar PV and 
battery. To tackle with the variability of the solar PV generation, 
it is predicted by probability density function and supported by 
battery energy storage. The battery energy storage is properly 
sized to satisfy the state of charge limitations. The location and 
sizing methodology is applied to a 13-bus test system using 
MATLAB. With the proposed optimal sizing methodology the 
losses can be reduced up to 83 % during the solar PV generation 
period and a small amount of battery support can help to get 
constant power supply to the grid from the solar PV.  
 
Keywords- Solar PV generation, beta probability density 
function, PV sizing, battery storage, State of charge, line loss 
reduction.    
I. INTRODUCTION 
Renewable energy sources have been identified as one of 
the key electric supply sources to meet the ever increasing 
demand. However, intermittency and unpredictability 
associated with the prominent sources of renewable energy, 
viz. wind and solar are offering challenges to the normal 
operation power systems. This intermittency can be mitigated 
by integrating energy storage to the system at appropriate 
locations. As the investment costs associated with energy 
storage are high and grid scale storage technologies are yet to 
mature, there is a need to evaluate the quantum of energy 
storage that can be integrated with the grid to mitigate supply 
intermittency [1, 2]. This economic feasibility and quantum 
can be evaluated considering the loss of power supply 
probability or to maximize cost benefits of storage in grid 
connected and islanded modes [3, 4, 5]. This would help the 
utilities to minimize the cost of supplying electricity, as well 
as the charges customer would have to pay [6]. Considering 
the high temporal intermittency associated with generation and 
limits on storage size, storage capacities are usually calculated 
for short term supplies only [7]. Optimal size and allocation of 
energy storage helps for operational planning of the system 
with large amount of renewables [8]. Inherent intermittency of 
solar power is the main challenge in maintaining the power 
quality and reliability and battery energy storage can provide a 
feasible solution [9, 10, 11].    
 
Considering the high intermittency of solar PV and its 
planning issue related to sizing, this paper gives an analytical 
approach to obtain optimal sizing of solar PV generation and 
battery in a grid connected system. This optimal sizing 
methodology helps to reduce line losses and minimize 
intermittency of solar PV generation. The historical solar 
irradiance data is used to generate the beta probability density 
function and predicted solar PV generation is obtained from it. 
The varying generation is supported by battery energy storage. 
The proposed simple algorithm gives the optimal sizing of 
PV-battery combination.   
II. SOLAR PHOTOVOLTAIC GENERATION 
   Solar photovoltaic generation is intermittent in nature 
and it is a random function of solar irradiance. This behavior 
of randomness of solar irradiance can be expressed by  -
probability density function (  -pdf) [12]. The expected 
solar PV output is calculated as below,  
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where,   
 
            Г   gamma function;  
            s    random variable of solar irradiance in  kW/m2 
           ( )f s  Beta probability density function of s;  
            and   are the parameters of the Beta distribution 
function as given below,  
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where,   
       µ ,σ  mean and standard deviation of s respectively;  
The probability of solar irradiance for any specific hour can be 
calculated by integrating the probabilities of each state during 
that hour as given below,  
2
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where,   
       ( )sP y     probability of solar irradiance in state y;  
         y1,   y2  solar irradiance limits of state y;  
 
         Once the beta probability density function for the 
specific time period is calculated the output power of the solar 
module can be calculated using following equations [12], 
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where,   
          Tcy   cell temperature C  during state y;  
           Ta  ambiant temperature C ;  
           Kv  voltage temperature coefficient V / C ;  
           Ki  current temperature coefficient A / C ;  
           NOT  nominal operating temperature of cell in C ;  
           ff       fill factor;  
          Isc   short circuit current in A;  
          Voc  open circuit voltage in V;  
          IMPP   current at maximum power point in A;  
          VMPP voltage at maximum power point in V;  
          Say  output power of of PV module in state y;  
          Po(s)   average solar irradiance of state y;  
 This expected output can be used to calculate the optimal 
rating of solar PV and battery to minimize the losses and 
intermittency.  
III. BATTERY STATE-OF-CHARGE (SOC) 
Solar photovoltaic generation has varying generation and 
this effect of changing nature of generation can be minimized 
by using battery support. The batteries are reliable source of 
power and energy and can supply the system whenever it is 
required. The battery SOC gives the available charge after 
every charging or discharging. It is also a parameter which 
determines the battery life . A number of methods are 
available for the calculation of battery SOC [13]. Here ampere 
hour method is used for finding the state of charge [14]. This 
is a common SOC checking method where the charging and 
discharging is directly related to the current drawn or supplied 
by the battery. The SOC of a battery can be given as,  
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Where,   
SOC0   nominal SOC of battery;  
CN   rated capacity of battery;  
δ(I)   current loss coefficient;  
I Batt   battery current;  
 Ampere-hour(Ah) rating of the battery is determined 
and the limits of the SOC are checked. The SOC limits 
considered here are  0.20 1.0SOC  . The battery rating 
is slightly modified if not within limits so as it will fulfil the 
SOC condition.  
IV. CALCULATION OF LINE LOSSES 
The total active power loss in the distribution network is a 
function of the power injected from distributed generation 
based on the equivalent current injections. A bus -injection to 
branch- current (BIBC) matrix gives bus current injections and 
branch currents which is used for the calculation of total active 
power losses [15]-[16]. This calculated total power losses can 
be used to determine the optimum size of solar PV generation 
and battery storage. The method is given here briefly.  
 
 
Figure  1: A simple radial feeder 
 
Let the resistances of each branch be R1, R2, R3, R4 and R5. 
The currents flowing through each branch are denoted by B1, 
B2, B3, B4 and B5. Total power loss PL is sum of power losses 
in each branch, 
                                   
2
=1
=
B
L
b
P B R                               (11)   
                       
 
This power loss can be expressed in terms of load power 
instead of load-current. Using a general relation between 
power, voltage, current and power factor the conversion for 
current is obtained. The active power is expressed as,  
= 3 L LP V I cos  (12) 
 Load current in ampere can be expressed as,  
=
3
L
L
P
I
V cos
 (13) 
The calculations of the power loss can be obtained using 
BIBC matrix method. The branch current B is calculated with 
the help of bus injection to branch-current matrix (BIBC). The 
elements of BIBC matrix can be calculated as, 
  
1 2 3 4 5 6
2 3 4 5 6
3 4 5
4 5
5 6
=
B I I I I I
B I I I I
B I I
B I
B I
      
     
   
   
   
   
      
 (14) 
   
1 2
2 3
3 4
4 5
5 6
1 1 1 1 1
0 1 1 1 1
= 0 0 1 1 0
0 0 0 1 0
0 0 0 0 1
B I
B I
B I
B I
B I
    
    
    
    
    
    
        
 (15) 
   
  =B BIBC I  (16) 
  
 The branch resistance vector is,  
 
1
2
3
4
5
=
R
R
R R
R
R
 
 
 
 
 
 
  
 (17)  
2 2 2 2 2
1 1 2 2 3 3 4 4 5 5=lossP B R B R B R B R B R     (18) 
 
 The above equation (18) can be written in general form for n 
number of buses as,  
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 The equation (20) can be used to calculate the losses of the 
system. The losses in the AC-DC conversion in the sizing 
methodology are neglected as they are less compared to the 
system  
V. SIZING AND LOCATION METHODOLOGY 
 The sizing and placement of the solar PV-battery very 
important considering the system losses. Distributed solar 
Generation should be properly sized and placed to reduce the 
system losses. In this methodology the varying solar PV 
generation is considered. The sizing of the solar PV generation 
and the battery is done to achieve intermittency reduction and 
maximum loss reduction for the grid connected system. The 
hourly solar PV generation data and load data is used to 
calculate the losses of the system. As the system is grid 
connected the load is supplied by the grid whenever there is 
not any solar PV generation. The system is as shown in the 
Fig.2.  
   
 
Fig. 2.    Grid connected PV-battery system 
 
A.    Location of Solar PV-battery 
 The distributed generation such as solar PV has 
advantages when connected to distribution system provide the 
power and voltage support and minimize the power losses in 
the system. The commonly used and simple location 
methodology of DG placement can be applied for the location 
of solar PV-battery. When the system is a simple radial 
network then 2/3 rule [15]can be easily applied and when the 
system is not a simple radial network the loss sensitivity factor 
method [19] can be used. The 2/3 rule is primarily used in 
capacitor placements in distribution systems. For a feeder with 
uniform kVAR load the 2/3 rule is as, ‘the best capacitor size 
is 2/3 of the kVAR load,located 2/3 of the distance out the 
feeder’. This 2/3 rule is well applied to the placement of the 
distributed generation. Here the hourly load is considered to 
be uniformly distributed along the feeder and hence the 2/3 
rule can be applied.  
B.  Sizing of Solar PV-battery 
 A simple sizing methodology can be applied for the solar 
PV generation and the battery. The sizing methodology is as 
given below:   
        1.  With the help of 2/3 rule or loss sensitivity factor fix 
the optimal location of the solar PV generation.  
        2.  Calculate the average load of system as, 
 av
L
 = ( 1h
L
 + 2h
L
 + ... 24h
L
 )/24  
      3.  Select a size of the solar photovoltaic generation 
(Pdgpv) as X % of total load and calculate the actual 
hourly out put of the PV generation (Ppvh) for the 
selected size of solar PV, as given in equation (1-9).  
         4. For each hour, calculate the battery power     support(
bhP ) required for the solar PV generation to reduce 
the variation in the solar PV output such as,  
dgpvP = pvhP + bhP  
        5.  Using the battery watt-hour rating, total ampere hour 
rating of battery is calculated as, 
AhB = =1
H
bh
I                Here H=10 hours. 
                             Slightly change this rating if required so as it will not 
violate the SOC limits  0.20 SOC  during 
discharging for any hour as well as the whole 
discharging period.  
        6.  Once the solar PV size and battery size is calculated, 
the losses can be calculated for the hourly 
combination of solar PV and battery.  
        7.  Repeat the steps from (3) to (6) for different sizes of 
solar PV generation and battery and calculate the 
losses.  
       8.  Select the solar PV rating and related battery rating 
which gives minimum losses. This will give the 
optimum size of solar PV generation and battery.   
 
  The flowchart for the location and sizing methodology is 
as shown in Fig. 3. Here the reduction in  
 
 
 
Fig. 3.   Flowchart for location and sizing methodology 
 
losses are calculated for the hours during which the solar PV 
and battery are in operation and the placement and sizing is 
done accordingly. The battery is considered to be have only 
one charge and discharge cycle. The battery is fully charged  
during off-peak period, preferably during night and then 
supports the solar PV generation for intermittency mitigation 
and loss minimization 
VI. LOCATION AND SIZING SIMULATION 
 
The above methodology is applied to a 13-bus test system 
[16], as system is shown in Fig.4.     
 
 
                                       
                                  Fig. 4.    13-bus system 
 
The hourly load data of Shahpura, Jaipur is considered 
here for the month of November [17], which is the load 
data for the 13- bus test system. 
 
One year solar irradiance data for Jaipur is used to 
calculate the beta probability density function. The sufficient 
solar generation is available from 7 am to 6 pm. The 
expected solar generation is calculated for a typical day of 
the winter season. The mean and standard deviation values are 
shown in the Table I.  The beta probability density functions 
are calculated for each hour. 
 
TABLE I    MEAN AND STANDARD DEVIATION 
 
Time Mean Standard Deviation 
8 0.367415 0.154400 
9 0.518659 0.210628 
10 0.569616 0.250715 
11 0.609241 0.263780 
12 0.632833 0.244981 
13 0.637026 0.235276 
14 0.609721 0.242638 
15 0.550883 0.234876 
16 0.458968 0.218465 
17 0.313689 0.179889 
 
 
Fig. 5.    Beta PDF for a typical hour 
 
The beta probability density function for a typical hour is 
as shown in Fig.5. 
The solar output is not considered during the extreme two 
intervals (6 am to 7 am. and 6 pm to 7 pm.) due to 
very low output. The solar panel considered is the 
KYOCERA- KD220GX-LPU panel [18].  The specification 
is given in Table II. The solar photovoltaic generation is 
calculated according to these specifications. The generation 
for the 10 hours for various sizes of PV is shown in 
Fig.6.  
 
TABLE II          EL E C T R I C A L SP E C I FI C AT I O N: 
KYOCERA- KD220GX-LPU PA N E L 
     
 STC NOCT Temperature Coefficient 
Vmp (V) 26.6 24.0 - 0.52 
Imp (A) 8.28 6.62 0.0065 
Voc (V) 33.2 30.4 - 0.36 
Ioc (A) 8.98 7.27 0.060 
 
 
    
Fig. 6.    Solar PV generation for various sizes 
 
The base case losses of the system are calculated 
considering only the active power losses. Using the above 
location and sizing methodology, the location for the solar 
photovoltaic generation is at bus number 9. The losses of the 
system are calculated when the solar irradiation is available 
(7 am. to 6 pm.) during the 10 hours and the corresponding 
battery sizing is also done. The required current that should 
be supplied to compensate for the varying output of the 
photovoltaic generation is shown in Fig.7. The hourly losses 
for the various sizes of the solar photovoltaic generation & 
battery are shown in Fig.8. 
 
 
 
Fig. 7.    Battery current for different solar PV sizes 
 
The total system losses for different sizes of solar PV-battery 
combination are shown in Fig.9. It is seen that the losses at 
 
  
Fig. 8.    Hourly losses with solar PV and battery 
    
          Fig. 9.    Total losses with different sizes of PV and battery 
 
55% size of solar PV-battery are minimum. This will give the 
optimal size of Solar PV and battery. The losses at optimal 
size are shown in Fig.10. With the optimal size the loss 
reduction is found to be 83 % for the hours during  which the 
 
 
 
Fig. 10.    Loss reduction with optimal size and location of PV-battery 
 
PV and battery is connected. The battery support helps to 
mitigate the intermittency the solar generation as shown in 
Fig.11. The state of charge (SOC) of the battery for the 
optimal size and location is given in Fig. 12. The battery 
rating satisfies the condition of discharge with SOC ≥ 0.2. 
The results for optimal size and location of solar PV and 
battery are given in Table III. 
 
TABLE III         RE S U LT S F O R O P T I M A L S I Z I N G A N D L O C AT I O N 
 
Optimal Location Solar PV Rating (MW) Battery rating (Ah) 
Bus 9 14 995 
 
 
 
 
Fig. 11.    Battery support for intermittency mitigation 
 
 
 
 
Fig. 12.    SOC at optimal battery size 
 
VII.  CONCLUSION 
 
The solar photovoltaic generation is variable in nature. 
The expected output of such a solar PV generation can be 
calculated by the beta probability density function. The 
sizing of solar PV with variable output can be done with a 
simple methodology and the intermittency is minimized by 
battery energy storage. The placement can fixed by the 
2/3 rule.  The optimal battery sizing considering the SOC 
can help to minimize power losses and reduce intermittency. 
The proposed sizing method can be used for the planning 
of solar PV generation with battery energy storage. The 
optimal sizing and placement with multiple solar PV 
generation can be done as a future work. 
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